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Introduction

This report presents the results of a study to produce a com-
puter program to calculate laminar and turbulent boundary layer flows.
The program is capable of calculating the following types of flow:

a. incompressible or compressible

b. two dimensional or axisymmétric

c. flows with significant transverse curvature
Also, the program can handle a large variety of boundary conditions,
such as blowing or suction, arbitrary temperature distributions and
arbitrary wall heat fluxes.

The present program has been specialized to the calculation of
equilibrium air flows and all of the thermodynamic and transport
properties used are for air. For the turbulent transport properties,
the eddy viscosity approach has been used. Although the eddy vis-
cosity models are semi-emperical, the model employed in the program
has corrections for pressure gradients, suction and blowing and
compressibility.

The basic method of approach is to put the equations of motion
into a finite difference form and then solve them by use of a digital
computer. The program is written in Fortan IV and requires small
amounts of computer time on most scientific machines. For example,
most Taminar flows can be calculated in less than one minute of
machine time, while turbulent fiows usually require three or four
minutes.

To show the usefulness of the present program, a sample of flow
calculations have been carried out and are presented in tHe_report.

The calculations exhibit most of the different types of flow situations



mentioned above, and represent a good test of the engineering
usefulness of the program. The only major difficulty with the
program was the sensitivity of the calculations to the initial
conditions for turbulent flow. Therefore, in the report we have
stressed the importance of the initial conditions for turbulent

\

flow.



Analysis

1. 'Boundary Layer Equations in the Physical Plane:

The boundary layer equation in a general form for compressible
laminar or turbulent flows for two-dimensional and axisymmetric cases

can be written as (References [1] and [2])

R B SN EUR B V)1 =

Continuity: = (our”) + 3y [r (ov + p'vT)] =0 (1)
du
Momentum:  pu %%‘* (v + p"VT) §§'= Pelle T (@)
13 pd (24 gy
+ T3y [r (uay pu'vh)]

du

Energy: pu %§'+ (pv + 0™v") %§'= ~Upgle azg (3)

w2 1.3 rJd (k dh o
+ (u+ 8)(8y) + = o= [r (Cp sy - PVl
where the following notation has been used:
X,y rectangular coordinates
u,v  x- and y- components of velocity

0 mass density

h static enthalpy

u dynamic viscosity

€ eddy viscosity

k conductivity

Cp specific heat at constant pressure
ro=r, (x) £y cos a

where r (x) is the body radius and o is the angle

between y and r (i.e., slope of body of revolution),
(+) for an outside body case and (-) for an inside

body case



j = 0 for two-dimensional flow and j = 1 for axisymmetric
flow

primes refer to fluctuating quantities due to turbulence

subscript e - refers to outer edge of the boundary Tayer

and superscript = - refers to average quantity. .

The boundary conditions are:

Continuity and Momentum:

u(x,0) =0
v(x,0) = 0 or v(x,0) = Vig (mass transfer) (4)
Tim u(x,y) = ue(x)
y—)OO
E . _ oh _ 4oh
nergy: h(x,0) = hw or 5y-(x,0) = (Sydw

Tim h(x,y) = he(x)
y—)oo

where the subscript w refers to the wall.

In order to solve the boundary layer equations subject to the above
boundary conditions, we have to relate the time-mean fluctuating quan-
tities -pu'v' and -pv'h' to the mean velocity and enthalpy. To do this

the concept of eddy viscosity (em) and eddy conductivity (eh) is used.

UV = pe W
P p 3y (
6)
STRT - sh
-pv'h | e 3y
and introduce a turbulent Prandtl number Prt defined as
Pr, = eleh | (7)

Defining also

the boundary layer equations (1,2,3) then become

Continuity: %;—(pu r) + %yj(BV'FJ) =0 F. (1-a)



v .du .
du , —— du e, 1 3 J du (2-a)
Momentum: ou = + pV = = p U, =— + — = [r (u+e) = a
39X oy e'e dx w3y oy
, . du .
. 3h , == 3h _ _ & 4 (e (202
Energy: ou =+ pv 3y Uy qx T (U+€)(3y)
_ (3-a)
19 rdou Le s sh ,
* rj oy [r (Pr * Prt) 3y

C u
FE— is Prandtl number

where Pr

It is clear that if we put € = 0 and pv = pv, the above equations
will reduce to the known form of the compressible laminar boundary
layer equations.

2. Transformation of Coordinates:

Solving boundary layer equations can be considerably simplified by
transforming the dependent and independent variables. The object of
the transformations are the following: 1) limit the boundary layer
growth due to compressibility and body shape and locate approximately
the edge of the boundary layer, 2) decrease the changes and the
gradients of velocity and enthalpy in both coordinate directions,
and 3) remove the leading edge singularities and starting difficulties.

The transformations which were used are (Reference [1])

_ X 2J
g = { (ou),. U, ro7 dx , (9)
Jj
u.r
n=(;’jf7-z 7 o dy (10)

If we look carefully we find that these transformations include
1) Mangler transformation to take into account the axisymmetric flow,
2) Howarth transformation for compressibility, and 3) Blasius trans-

formation for the changes due to variable Ug and viscous diffusion.



Using the above transformations, the edge of the boundary layer

(defined as n af %— = 0.995) is located a priori. For the case of the

e

laminar flow the edge of the boundary layer is around n = 6 while for

turbulent flow it varies somewhat between n = 150 and n = 200.

3. Boundary Layer Equations in the Transformed Coordinates:

Using the transformations (9) and (10), the boundary layer equations

(1-a, 2-a, 3-a) become:

Continuity: 2¢ 3€ + Eﬁ'+ f =0
L e By 2 LD 2y, 2 f
Momentum: 2ef o v m B(Te ') + o (zan )
ﬂl
+TC .2 i
u2
. 06 90 _ e E'Z_T_ ' 3
Energy: 28 5t Vo T e Lo ) T Bf'] + 55 (2
flu
a6
+ TC 225?+h 86
e
where f'=-%— , 0= %_
€ e
- 43 — r y 9N
V=-- v + £ )
2J A X
(pu)ug v (2¢)
olet | =5)
o2, 0 _pute),n TPy
U, dg pu)r (ou)r
o4 €
o = lute) G = (py * Prt)
- '-*(Ze:)”2 Cos a
TC = o2
u, red



and (pu)r is taken as a reference quantity which is evaluated at the
surface.
The boundary conditions become:

Continuity and Momentum:

f' (£,0) =0
1/2
(28)" (pv),,
V (£,0) =0 or V (£,0) = 3 (4-a)
(ou) U r

Tim f'(g,n) =1

n>e
Energy:

_ 36 _ (99
6(g, 0) =6, or 5;—(£,0) = (530w

(5-a)
Tim 8(g,n) =1

n—)OO



Transport and Thermodynamic Properties

The following is a listing of all the transport and thermodynamic
properties with references which have been used in the program. In
general the program can be changed to accept any particular set of
properties whether there be Taminar or turbulent flow.

Viscosity

For the laminar viscosity coefficient, u, the empirical formula
for air developed by Keyes was chosen to be used. This formula is
particularly good at low temperatures (Reference [9]), and this
feature was needed for some of the temperatures encountered in the

wind tunnel calculations. The formula is

w=.0232 - 10°° (1Y% 1b - sec for T=Temp., °R

220 2
(1 + ;TTE;§7T) ft

In the program the viscosity is given by the variable name TAB2 and

the Keyes formula is given in a separate function subroutine.

Enthalpy Temperature Relationship

The relationship between the air enthalpy and temperature was
established by use of the gas tables published by Keenan and Kaye,
Reference [5]. The tabulated values were used for temperatures be-
tween one hundred and six thousand degrees Rankine. In the program
the temperature was calculated from the enthalpy with the use of the

function subroutine TAB. This function consisted of a table of

temperature versus enthalpy with the enthalpy listed every one

hundred degrees.



One of the most important parts of any turbulent boundary layer
program is the choice of the eddy viscosity model. At the present
time all current models are somewhat unsatisfactory for certain types
of flows; however, present models do perform well for a large class
of problems of engineering interest. (For proof of this statement,
see the results in the later section of the report.)

The eddy viscosity €n is defined by the following relationship

One of the best semi-empirical models developed for €n is that
used by Cebeci, Reference [4]. 1In this model the turbulent boundary
layer is broken up into four regions where different expressions are
used to model the turbulent flow. The four regions are the laminar
sublayer, the transition layer, the fully-turbulent wall region, and
the outer wake-like region. A brief description will now be given
of the four regions and the expressions used.

Laminar Sublayer - In this region very near the wall the flow is

dominated by viscosity and turbulent fluctuations are not important.
Experimentally, it has been shown for smooth walls that the velocity
and temperature distributions can be calculated by using laminar flow
equations. Also, compressibility is important in this region, since
viscous dissipation has a maximum in the laminar sublayer.

Transition Layer - Across the transition layer the flow in a turbulent

boundary layer goes from one completely dominated by viscosity to

one dominated by inertial fluctuations or turbulence. The problem
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posed to an eddy viscosity mode] is to bridge the gap between the
laminar sublayer and the fully-turbulent wall region. The best

model for treating this region was developed by Van Driest, Reference
[7], and extended by Cebeci, Reference [4]. The Van Driest and
Cebeci model is based on an unsteady Couette flow analysis of the
fluctuating terms and includes the influences of compressibility,
mass transfer and pressure gradients. The transition region formula

used is

€ = 2? |§—;| [1 - exp (- %)]2

The first two terms of the above expression are the Prandtl mixing
length formula for the wall region, while the last expression is the
Van Driest damping function for the transition region. The unknown
semi-empirical constant A of the damping function is determined from
the following equation

A 26 Yy ,(;_W)l/z (E_) 1

v* My N
where +
- P 1/2E+_ Wy +
= (L (_& - w
N {u (p ) = [1 - exp (11.8 ﬁ') Vi ]

v
W w

Y 1/2
+exp (17.8 X VW+)}
o

v* is the friction velocity, u the viscosity, and p density. The
subscript e refers to quantities evaluated at the edge of the boundary
layer, w the wall, and the ~ refers to quantities evaluated in the

transition region. Also, the following definitions are used:

t Cebeci's paper has a misprint in it at this location.
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Ve
-2 dx ou.
- 37 2 2
(Cc/2). Pele
v
t_ W =
w TV vr

The = quantities represent the average value of properties in the
transition region, and the average was assumed equal to their value

at y+ = 11.8 where

+ _ y*
v =5t
W

Also, there are many specialized forms of the above expression for N

which can be found in Reference [4].

Fully Turbulent Wall Region - The Prandtl mixing length model is used

to describe the flow in the turbulent wall region. This model is
essentially built into the Van Driest model as mentioned previously,
and the only necessary description is to define the mixing length.
The mixing length 2 is defined as

2 = ky
where k is a constant equal to .4 and y is the distance away from the
wall.

Outer Wake-Like Region - In the outer portions of a turbulent boundary

layer the eddy viscosity coefficient tends to take on a constant
value somewhat like the flow in a jet or wake. To model this behavior

the outer eddy viscosity formula developed by Cebeci was émployed.
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The formula is
€n = .0168 ueé
where

S T I
s {(1 ue)dy

The region of the flow, where this model was used, was determined by
finding the location in the boundary layer where € from the Prandtl
mixing length formula equaled €n from the outer region. For values
of the boundary Tayer coordinate larger than this location the outer
formula was used.

Cebeci also suggested the use of an intermittancy coefficient on
the eddy viscosity model in the outer region. It has been our
experience that the influence of intermittancy was usually very
small and not noticeable in the calculations.

Prandtl Number

The Prandtl number for laminar flow was assumed constant in the
program and to have a value of .723, Reference [5]. For turbulent
flow the Prandtl number was also assumed constant and to have a
value of .9 . Although this value of turbulent Prandtl number is
not completely satisfactory,_it does give good results for a wide

variety of flow problems and boundary conditions.
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Numerical Method

The boundary layer equations have a parabolic mathématica] nature
and pose a problem similar to the unsteady state heat conduction
equation. For the numerical solution of the boundary layer equations
the most successful schemes are modifications of the Crank-Nicolson
and full implicit schemes used with the unsteady heat conduction
equation, Reference [1]. In the present program both the Crank-
Nicolson and full implicit scheme can be used depending on preference
or the problem.

One modification of the present program is that a variable step
size may be taken in either the &- or n-direction. The variability
in the &-direction is arbitrary; however, in the n-direction a special
type of variability has been employed. Following Cebeci and Smith,
Reference [2], a step size in the n-direction with a fixed ratio
between adjacent points has been employed. That is, a constant k has

been chosen such that

Mn (n+1) _ K (n is the index for the)
An (n) (n grid location )

This type of variation allows for small steps to be taken near
the wall and large ones away from the wall for values of k slightly

greater than one.
With the above type of numerical scheme employed, the derivatives

for various quantities in the boundary layer take the following form:

n-Derivatives

3g ., (ditly nt1 ” %in1, n-y L Si, e T S, ey

on (1+k) an(n) (1+k) an(n)
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EE% = Zav(gi+1, n+l_ (1+k) 21+1, n ' kgi+], n-1)
an An(n)® (1+k) K
g. - 9. ot kg,
+2b( 1, n+l (1+k) i,n 1,n])

an(n)? (1+k) K

E-Derivative

ag _ Ji+1, n " 9%, n
o0& AE

where a + b = 1.0 i - & index n - n index

By choosing different values of a and b, either the Crank-Nicolson or
full implicit methods can be used. For example, ifa=1and b =20
we have the full implicit scheme, while if a = 1/2 and b = 1/2, we
have the Crank-Nicolson method.

Ideally, the Crank-Nicolson scheme would be preferred because of
its superior truncation error; however, for turbulent flow, stability
requirements forﬁed the use of a full implicit scheme. It was surmised
that the stability problem of the Crank-Nicolson method was due to
the non-linearity in the equations caused by the turbulent transport
properties. For laminar flow, the Crank-Nicolson scheme gave good
results for all flow problems. For a full listing of the equations
in their finite difference form the reader is referred to the program
listing in the latter part of this report.

Both the Crank-Nicolson and full implicit schemes pose similar
problems for the solution of the finite difference equations, that is,
the solution of a system of simultaneous equations for the unknowns
across the boundary layer. Fortunately, these equations always have
a tri-diagonal form and they can be solved by a simple a1ge5raic
method, Reference [1]. In the present work, all of the non-linear

terms were linearized by the use of previous £ values, and this was
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found to be adequate for all laminar flow calculations. However,
for turbulent flow an iteration scheme was employed to update the
turbulent transport properties in the solution. It was found that
three iterations were usually required to obtain good convergence

in most turbulent flows,
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Initial Boundary and Transition Conditions

Since the boundary layer equations are mathematically classified
as being parabolic, they pose a combined initial and boundary value
problem. The boundary conditions are usually obtained from an in-
viscid flow solution at the top of the boundary layer, and from
specified wall conditions. Although two dimensional inviscid flows
are difficult to obtain in some flow regimes, there does exist a
large variety of methods for adequately calculating most of these
flows.

The initial conditions for laminar flows have been thoroughly
studied, and methods of obtaining solutions are given in Reference
[1]. Basically, the two main types of initial conditions are ob-
tained for bodies with sharp leading edges or stagnation type flows.
For turbulent flow, the problem of obtaining initial conditions has
not been adequately treated, and it is currently a difficult
and important problem. The main difficulty is that the fully tur-
bulent boundary layer starts after the transition from Taminar to
turbulent flow has occurred. At the present time, the details of
the momentum and energy trgnsport properties in the transition region
are not well understood, and the starting conditions for the turbu-
lent flow are not precisely known. Therefore, the best source of
jnitial conditions for a turbulent boundary layer is experimental
data.

If experimental data is not available, then approximate tech-
nique must be employed. The technique that has been employed in
the present work is to match up a power law velocity profi]é with
a linear laminar sublayer. The parameters which must be chosen for

this method are: (1) The boundary layer thickness; (2) the skin
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friction coefficient; and (3) the velocity power law. The enthalpy
profile was found by assuming a generalized Crocco relationship be-
tween the velocity and total enthalpy profiles.

The usefulness of these techniques depends on the problem
being solved and the skill of the investigator in estimating the
initial parameters. In general, it can be said that the estimation
of the initial conditions is more critical for flows with adverse

pressure gradients compared to flow with favorable pressure gradients.
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F. Program Flow Chart

The flow chart starts with the dimensions,.data, boundary con-
ditions and the reference constant,
There are then three possibilities which may occur:

1. Only laminar flow:

In this case, Lammer = 1 and NuX = NuL. Since Lamner =
1, skip will be equal to zero and we go to the right in the
flow chart to the laminar flow data and initial conditions
and print out these initial conditions. After that, the
calculations proceed by calculating the transport properties,
and the boundary layer coefficients A, B, C, D, E and F.
The solution of the boundary layer equations can then pro-
ceed and the new u/ue and h/he are obtained. Since skip =
0, there are no qterations and the calculation of the
V - velocity component from the continuity equation directly
follows. Then we calculate the boundary layer characteristics
and print out the results. This procedure continues until
L = Nul = NUL = NUX and the program stops.
2. Only turbulent flow:

In this case, Lamner = 2 and NuL, NuX are given. Since
‘Lamner = 2, skip ¥ 0 and we go to the left in the flow chart
to turbulent flow data and initial conditions and point them
out. The calculations then proceed exactly as explained in
1. except that we iterate‘(ITER = ITERT = 3 in this program)
with the transport properties to update their values. In

this case the calculations stop when L = NUT = NUX.-
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3. Both Laminar and Turbulent:

For this case Lamner = 1 as in the laminar case 1.,
but NUX > NUL, where NUL will be the number of laminar
steps while NUX is the total number of forward steps.

We start with Lamner = 1 and skip = 0, and we proceed
with the laminar calculations exactly as explained in
case 1. When L = NU1 = NUL, Taminar calculations stop
and Lamner takes the value 2 and skip will not equal zero.
Then calculations start from the turbulent flow data as
in case 2. and the turbulent calculations proceed until

L = NUX.
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Program Inputs

This section of the report details the information and inputs
necessary to use the program. Also included in this section are
some frequently encountered program errors and their meaning. The
information presented here is in an order most logical to its under-
standing, and not necessarily in its order of appearance in the pro-
gram.,

Definition:

A station is a point on the body at which the boundary
layer eduations are to be solved. The stations are numbered
consecutively starting from one (1) at the leading edge,
stagnation point, or origin of the body up to station N where
the calculations end.

The boundary layer is divided into a grid for solution by
the finite-difference method, where the nodes of fhe grid are
the points where the solution is given. A step constitutes
movement from one node to an adjacent node.

Program Inputs:

XD(N) - The physical distance from station 1 to station

N (always expressed in feet). For the case of a flat plate

XD{1) = 0. , XD(2) = 1. , . .. ..

LAMINAR £ l »TURBULENT
| | | | -
l«—1'—>2 3 4 5 N

NUL - Index which governs the number of steps which are
calculated as laminar flow. In the case of a flat p]até, if
it is desired to have laminar flow starting at the leading edge

up to station 3, and turbulent flow thereafter, then NUL = 2.
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NUX - Index which governs the total number of steps
taken, i.e. both laminar and turbulent. For the above ex-
ample if the calculations are to be carried out to station
5, then

NUX = 4
Be sure to note that NUL and NUX refer to the number of steps
taken, and not to a particular station number.

LAMNER - Index which allows deletion of the Tlaminar flow
calculations. With

LAMNER = 1
the program calculates the first NUL stations as laminar flow,
but if

LAMNER = 2
the program skips these steps and begins the calculations at
the first turbulent station. In the example program at the
end of this report these indices are put on data cards at the
beginning of the program.
Initial Profiles:

Laminar Flow - The program requires an initial velocity and

enthalpy profile to get started. The profiles used are 1in
the transformed plane, i.e.
u/Uy, = £~ (n,€)

The program also requires that this profile be divided into 60
equally spaced steps between U/Ue = 0 and U/Ue =1. If
LAMNER = 2 this information can be omitted as the program
skips all operations involved in laminar flow.

The initial profile will be different for each type of

flow, i.e. flat plate, stagnation flow, wedge flow etc. In
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the example program the initial velocity is read in (see
LAMINAR FLOW --- READING THE UFVE - VELOCITY PROFILE).
TURBULENT FLOW:

Power - To begin the turbulent flow calculations the pro-
gram provides a power law profile
U/Ue = (y/s) 1/power
The operator must supply the va1qe of power, but for many problems
PONER =7
Energy Equation:

Just as an initial velocity profile is needed for the
momentum equations, an initial energy profile is needed for
the energy equation. Such a profile is automatically sup-
plied in both the Taminar and turbulent calculations.

CO01 - The initial energy profile (static enthalpy) is given by

{%;i;%}_ - (U/Ue) co1
e w

By changing CO1 the shape of the initial profile can be changed.
For turbulent calculations other information is required.

NUT - The number of steps across the boundary layer. In Taminar
flow this is a constant set equal to 61 (the wall value is always 1
thus giving 60 steps across the boundary layer). In the turbulent
portion this quantity is variable and may be set as high as 501, but
usually is set at 350.

DN1T - The laminar portion of the boundary layer is divided into
60 equal steps, each step being DN = DN1 = .1. The turbulent boundary
layer is divided into NUT steps, but they are of unequal size. DNIT is
the size'of the first step, i.e. the distance from the wall to the first
station in the y-direction across the boundary layer. Typically DNIT =

.005.
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KT - The ratio of step size of any two successive steps across

the boundary layer:

. o 1+2
:} DN (i + 1)

KT = DN (i +1) . R
DN {3 DN (1)
® [ ] 1.

N N + 1

Typically, KT = 1.021. For laminar flow this number is always

1 since the boundary layer is divided into equal steps.

ITERT - Iteration index. To calculate the velocity and energy
profiles at station N + 1 requires the turbulent transport properties
at station N + 1. Since these properties depend upon the velocity

and temperature at station N+1, which are exactly the unknown in the
'prob1em, an iterative procedure is used. The transport properties
are ca]cu]ated'based upon information at station N, then the boundary
layer equations are solved to obtain velocity énd energy profiles at
station N + 1. This information is used to update the values of
transport properties, and the equations are resolved. The number of
times this process of recalculation takes place is given by ITERT.
Satisfactory results are obtained with ITERT = 3.

CFT, DELTIT, DELTT - The initial turbulent velocity profile is
calculated automatically in the program by matching a linear profile

in the sublayer with a power law profile outside the sublayer.

POWER LAW

A
§

LINEAR
PROFILE /

u/Ue

To carry out these calculations the program requires an initial estimate

of the boundary layer thickness (DELTIT), skin friction (CFT), and
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displacement thickness (DELTT).

/'-k" —
4 N
S T+ © ~ 4
f - 1

As an example, look at the case of flow over an airfoil. Turbulent

flow starts at station 4. One way of estimating the needed quantities

is by using flat plate data and formulations:

C, = .0592 R}'/°
5= .37 x RI/°
s* = (1/8) ¢
RX = Uo X /v

Note: These quantities are uséd only at the first turbulent station
to begin the calculations; thereafter new values of these quantities
are calculated by the program consistent with the solution of the
boundary layer equations.
ARJ(N), TCFACT - These quantities give the curvature of the body for
axisymmetric flow, and take into account the transverse curvature
terms in the boundary layer equations.

For any 2-D flow ARJ(N)'= 1. (N refers to a station number)

For axisymmetric flow, i.e. flow through a nozzle ARJ(N) gives the

local value of the body radius, the distance from the center line

of the body to the surface of the body.
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TCFACT is used to correct for transverse curvature. For 2-D
flows.
TCFACT = 0
Internal Axisymmetric Flows (Nozzle)
TCFACT = -1
External Axisymmetric Flows (Blunt body)
TCFACT = +1
'Boundary‘conditions: UE(N), PE(N), ENTO, ENTTW(N), VWALP(N)
ENTO - Total enthalpy of the free stream,
UE(N) - The free stream velocity (1 value is required at each
station oﬁ the body).
PE(N) - The free stream pressure (again a value at each station).
Both UE and PE may be read in, but since the boundary layer

equations reduce to
Pe Ve Ve = ap
dx dx
at the edge of the boundary layer, one quantity can be calculated
from the other.
ENTTW(N) - The enthalpy of the wall at each station.
VWALP(N) - If there is blowing or suction at the wall VWALP is its
value at each station.
Prandt] Number: The Prandtl Number (PR) is set by the operator at
the beginning of the program. The turbulent Prandtl Number is given by a
subroutine in the program called TAB3. At present, TAB3 returns a con-

stant value of .9 for the turbulent Prandtl Number, but a subroutine is

set up so that the operator can change to a variable if so desired.
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Print Out of Boundary Layer Characteristics

The output is divided into two types of quantities, those which
are a single value at the stafion, i.e., free stream or wall quantities;
and those which resulted from the solution of the boundary layer
equations, i.e., the velocity and temperature at each point across
the boundary layer.

The first type of quantity may be given by a number fo]]owed by
another number in brackets

X = 5.0(1.518)

The first number is the quantity expressed in English units, and

the number in brackéts is the quantity expressed in metric units.
X = Feet (meters)

A11 boundary layer thicknesses: inches (cm)
Pressure: 1bf/ft2 (Newtons/cmz)

Temperature: °R (°K)

Velocity: ft/sec (M/sec)
Any quantity in this group of variables given by a single number (no
brackets following number) is a dimensionless quantity.

The second set of variables is given in columns headed by:

U/UE - velocity ratio
M/Me - Mach No. ratio
T/TE - Static temperature ratio
TT/TTE - Total temperature ratio
TB - Temperature ratio Ty - Ty
T, -T
te W
. h.-nh
HB - Enthalpy Ratio 't W
h - h
w

‘e
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PT/PTE - Total Pressure Ratio

Y/THET - Dimensionless distance (THET - Momentum thickness)
VP-N - Velocity Profile Exponent

AL1 - Tfansport Property -

In the.print out of the second type of quantities, there will
be one row which is underlined. The underline is to show the
point where reference quantities are calculated.
y* = 11.8
One of the output quantities, the average skin friction (CFA) needs
special explanation.

The average skin friction is given by

. 1 ox
Cfa = < { Cf(x) dx

The integral is evaluated numerically using the trapezoid rule

£ 0 - LM gy

;
X4

In some cases though Cf at X = 0 is undefined, making it impossible
to evaluate the integral in the above manner. For the case of a flat
plate although Cf is undefined, it is a known function of X and the
integral may be explicitly evaluated. This has been done in the sample

program at the end of this report.

_ _1/2
Cp = .332(RX)

1/2
X ¢ /

o

=1
Ca = X

fa dx = .664 RX

.f.‘
In the body of the program in the section headed by "Calculation
of Initial Laminar Profiles" CF1 (1) is the initial value of the in-

tegral over the distance between stations 1 and 2; and was obtained as‘
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shown above. Where Cf is not a known function of x, but is sing-
ular at some point, it is required to exclude such a point from
the calculations.

This means that each time the program is used for a different
problem, it must be taken into account and possibly changed.

One final word about print outs. Although there are 60 stations
across the boundary layer in laminar and NUT stations in turbulent
flow, all of the information at every one of the points is not
needed. Therefore, the program prints out more points close to the
wall where quantities change quickly and few points out near the
free stream where quantities change slowly. The method used is to
print every step over the first twenty, every other step for the
next 40 steps, every third step over the next 80 steps, and so on
to the edge of the boundary layer.

Subroutine for Calculation of Pressure Ratio

The ratio of the total pressure to the total pressure at the edge
of the boundary layer is calculated in subroutine TAB1. The formu-

lations used are:

Py ) X

P—Z— = [1 + 1/2(y-1)M27Y"! M< 1
:

Pt2 |

5% = 1.8929 M= 1
:

Py 1

2._1_
=2 = [1720+ DM L)/ (22 - (-1 s
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The main program reports the Mach number at each point across the
boundary layer, and is used to calculate the total pressure by the
above formulations. The last step in the subroutine is to form the
pressure ratio so that all that is necessary to get this information

is to call TAB1 in the main program.
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Results of the Computations

In this section of the report will be presented some results of
our calculations of flows with the present computer program. Only
results for turbulent flow will be shown since the laminar flow case
has already exhibited very good accuracy, Reference [1]. In general,
it can be said that the results are very good with the most critical
drawbacks being the initial conditions and the breakdown of the eddy
_viscosity models near separation. Also, it should be mentioned that
the present program does not include any provisions for the inclusion
of rough walls into the present program.

a. Equilibrium Boundary Layer at Constant Pressure: Figure 1 gives

a comparison of experimental and calculated values of skin'friction
vs. Reynolds Number for flow over a flat plate. Experimental results
are for incompressible flow with a free-stream velocity of 33 m/sec.
The experiments were performed by Wieghardt and Tillmann as cited in
Reference [6]. As is expected,since an exact profile was used for
the initial starting profile, the comparison of results is very good.

b. Compressible Flow Over a Flat Plate: Two cases were carried out

nunerically and were compared with the experimental data of Hopkins,
Keener and Dwyer, Reference [8].

For the first case, the following data were given

M, = 6.43
Ug/ve = 13.68.10% (1/meter)
T o =711

T = 307°K

T /T, = 0.47

P, = 31.1psf

U = 1139 m/sec
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For the second case

My = 7.4

/vy = 4.58 - 106(1/meter)
Tt,e = 1092°K

T = 304°K

Tw/Taw = 0.3

Pe = 12.5 psf

Ug = 1453 m/sec

To start the turbulent calculations in both cases, one of the

experimental points was chosen at which Cf Re and x were given.

0
Knowing Reg> © is calculated (Ree= ;f 6). Using the 1/7 power
law as an initial condition § and &, can be calculated and the»
numerical calculations can then proceed.
Figures (2) and (3) show the comparison between the calculated
and experimental local skin’friction coefficient versus momentum

thickness Reynolds number. The agreement is good.

c. Incompressible Flow Over Flat Plate with Uniform Blowing: The

experimental data used for comparison with the numerical one were
obtained by Mickley and Davis, Reference [10]. The blowing rate
Vw/ue= 0.002 was studied and a flat plate flow was calculated for a
Reynolds number of 3.125 x 10s per foot (using the values of p and §
corresponding to atmospheric temperature and pressure) with U= 50
ft/sec. An effective length that matches the momentum thicknes§ at
the station where blowing started was determined, and so the corres-

ponding £, was known. The boundary conditions (4 -a) in this case are

Vw =0 for £ < gO
v for £ > &
M- 002 770
U
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Two methods are used to start the numerical calculation. The first
is to start the turbulent flow with the usual 1/7 power law at a dis-
tance behind where blowing starts and then turn on the blowing. The
second method is to start the calculation at the location where blowing
starts. In this case, other power laws are used, such as 1/5 and 1/4.
The same Ce value given by experiment and the values of § and Sicorres-
ponding to the power law are used.

Figure (4) shows the calculated values of local skin friction in
coefficient along the plate, together with the experimental data.

The trend in all cases is the same although all the numerical
calculations overpredicted the coefficient of friction. The best
result is obtained starting with a 1/5 power law and not including
the correction of blowing on the eddy viscosity formula.

Finally, it should be noted that still more experience is needed
at this stage with the initial conditions to have satisfactory results
with experiments.

d. Equilibrium Boundary Layer in'Mi]d‘Negative'Pressure‘Gradient:

Experiments were conducted by Herring and Norbury as cited in Reference

[6] for a value of

_ &% dp
B =3

W dx

= =-.35

Figure 5 presents the comparison of the experimental and calculated
data. Again, flat plate correlations were used for starting data, and
although this creates oscillations about the experimental data, it is
seen that the calculations tend toward the experimental data after only
a few steps.

The use of flat plate data to start all problems is not always

acceptable, and some modifications must be made. The modification
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chosen was to change to the power law.

e. Equilibrium Boundary Layer in Positive Pressure Gradient: Experiment-

al results were tabulated by Clauser as cited in Reference [6]. The data
is for the Clauser flow P. D. 1 with fluid properties taken at 75°F.
Figure 6 shows the experimental data compared to the calculated data for
several different initial turbulent velocity profiles. As can be seen,
the choice of the power law can radically effect the results.

However, with a 1ittle experience, the starting profile is readily
chosen which will produce good results, as can be seen in Figure 6.

f. Airfoil Boundary Layer Flow Proceeding Toward Separation: Figure 7

gives a comparison of the experimental and calculated results for flow

over an airfoil. Data was taken by Newman as cited in Reference [6]

for a flow with a free-stream velocity of 120 fps. The machine calculations
were made using a starting (1/4) power law velocity profile, and as can

be seen, the results are in good agreement with experiment.

g. Axisymmetric Mozzle Flow: Numerical calculations were carried out

for the NASA AMES 3.5 ft. wind tunnel, The information given was the
area ratio at different locations, stagnation conditions and wall temp-

erature.

Five runs were carried out and the data given for them are:

u

e -6/ 0,1 o : ° _
Run M, (;;)x]O l(ft ) Tt,e( R) ' TW('R) Pe(psf)
1 7.4 2.95 1359 543 13.99
2 7.4 3.86 1340 555 18.13
3 7.4 - 1.88 1363 567 ‘ 8.97
4 7.4 . 2.98 1564 ' 568 - 17.84

5 7.4 1.66 1879 558 13.52



35

The calculations were carried out in the following manner:

i. From the area ratio using supersonic tables for air in
isentropic flow the pressure ratio, temperature ratio and Mach
number can be obtained along the nozzle.

ii. For the initial conditions at the throat of the nozzle an
approximation is used, since experimental data was not available.
This approximation is to locate a virtual origin which is specified
at a distance equal to the diameter of the throat from the throat
location. The value of Cf corresponding to this virtual origin was
obtained from the known flat plate data. Using the 1/7 power law,
the values of & and 8, are obtained. Since the flow is accelerating
at the throat, it is expected that the values of § and &, will be
smaller than those obtained. Therefore, half these values are assigned
to start the ca]cu]ation; and the.numerica1 calculations can then pré-
ceed.

It should be noted that there was no fluctuation in the numerical
results because of the initial guess of Cf, S and §;. This could be
due to the strong favorable pressure gradient, since the flow can
possibly adjust itself when using a reasonable guess of the initial
conditions.

iii. Since the boundary layer is thick in this flow, we have to
correct the calculation by subtracting the displacement thickness at
every location from the radius of the nozzle to get the new area ratios.
The previous steps (i) and (ii) are then repeated as discussed above.

Figure 9 shows the calculated values of Mach number and displacement
thickness along the nozzle with and without corrections for run (1).

It should be noted that with one iteration, the exit Mach number gave

good agreement with the experimental results.
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Figure 8, corresponding to run (1), shows that the Crocco rela-
tionship is not satisfied a1mosf everywhere across the boundary layer.
This is believed to be due to the strong pressure gradients in the
flow.

Figures 10 to 17 are the same as Figure 8 and 9 repeated for the

other runs.
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1.0 —
== 3-Ft from throat, My = 4.45

— c— 33.6 Ft from throat, Mg = 7.41 ’

8 = === Crocco Relationship /

-Ty
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Tt "Tw

TB =

1.0

u/Ug

Figure 10 CHECK OF CROCCO RELATIONSHIP FOR AXISYMMETRIC
NOZZLE FLOW
Ames 3.5 Ft Wind Tunnel
Me, =74, Ttle = 1340°R

Tw = 555°R, Pe = 18.13 psf
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1.0

8
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te

T,-T
TB= t=lw
T

o= 3 -Ft from throat, Mo = 4.45
w wme  33.6-Ft from throat, Me = 7 41

e= === Crocco Relationship

1.0
U/Ue

Figure 12 CHECKOUT OF CROCCO RELATIONSHIP FOR

AXISYMMETRIC NOZZLE FLOW
Ames 3.5-Ft Wind Tunnel
Me = 7.4, Tf"e = 1363°R

T, = 567°R, P, = 8.97 psf
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e 3 - Ft from throat, Mg = 4.44

| = —33.6-Ft from throat, Mg = 7.34
==+==Crocco Relationship //

1.0

Figure 14 CHECK OUT OF CROCCO RELATIONSHIP FOR

AXISYMMETRIC NOZZLE FLOW
Ames 3.5 - Ft Wind Tunnel

Me =74, T, =1564°R
T, = 568°R, P, = 17.84 psf
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1.0 —

w3 _Ft from throat Me = 4.45

8 L e e 33 .6 - Ft from throat M = 778 /

===== Crocco Relationship

u/Ug

Figure 16 CHECK OF CROCCO RELATIONSHIP FOR
AXISYMMETRIC NOZZLE FLOW

Ames 3.5 -Ft Wind Tunnel
Mo =7.4, Tfle = 1881°R

T, =572°R P, = 17.57 psf
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ACAL

ACAL1

ACO

AL

ALP

AL1

AL2

ALPHA
AMACH
AMUR

AR
ARJ
ASTAR

BIG
BCO

BETX

CF

S
IURECEH)HN(}IH&G?%IHQALHI NOT FILMED

List of Symbols

A* (ACAL])]/2 ..... for eddy viscosity
2 ,Ty-1 _u , du . .
- ==/ =....f
(p) 5 / dy or eddy viscosity

Boundary layer equation coefficient

+
P (Eu £ , r - refers to the reference
r

Slope of the body

Mach Number

(ou),.

1716 - gas ccnstant
Radius of curvature of the surface
A* = 26..... for eddy viscosity

T/Te » By s accelerating parameter

Jg = 25040

Boundary layer equation coefficient
B, = U & » Pressure gradient coefficient
e \

2 . s . .
2Tw/peUe , skin friction coefficient

i
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CFT =
CF1 =
CF2 =
CFAV

CNS =

n

CNST
co1 =

cco =
DCO =

DELBAR=

DELBM
DELIN

DELM
DELT

DELT1

DELT1T=
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List of Symbols

Initial value of CF to begin turbulent calculations
Starting value for calculating CF
Starting value for calculating CF

Average skin friction coefficient (2 - D bodies)

peUecpq?Tw — Tf) - Stanton Number

Index = 0 - implicit, = 1 - Crank Nicolson

Index = 2 - implicit, = 1 - Crank Nicolson

Exponent in relation 6 = (%—)C01, for initial total
e

temperature profile guessing
Boundary layer equation coefficient

Boundary layer equation coefficient
{w [1 - %—J (1 = %J dy - transformed displacement thickness in
e

inches (cm), (+) for outside body case, (-) for inside body case
Transformed displacement thickness in centimeters

y/8 - point of intersection between the laminar sublayer and

1/7 power low for initial turbulent velocity profile
Displacement thickness in centimeters

8, = {m [ - EE%_J [1 = %] dy, displacement thickness in inches (cm),

1 e e

(+) for outside body case and (-) for inside body case

§ - boundary layer thickness (at %—-= 0.995)
e

§ - boundary layer thickness (initial value to start turbulent

calculations)



DELTT

DN =
DNT =
DNIT =
DNN =
DX =
DXE =
ECO =
ENT =
ENTE

ENTO

ENTR

ENTT

ENTTW

EPS =

EPSK

]

EPSO

FACT =

FACTOR=
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List of Symbols

Initial value of 6] to start turbulent calculations

An - step size in transformed plane
Initial step size in transformed plane (laminar)
Initial step size in transformed plane (turbulent)

n - distance across the B. L. in transformed plane

‘Ax - forward step size in physical plane

AE - forward step size in physical plane
Boundary layer equation coefficient
h - static enthalpy

he - free stream static enthalpy
He - free stream total enthalpy

h/he - static enthalpy ratio

H-H

W
He - Hw

6 = - dimensionless total enthalpy

HW - wall total enthalpy

€ = pzz |%§1 - eddy viscosity

% - kinematic eddy viscosity

€ = 0.0168 Pe Ue § - outer region eddy viscosity

Wy o+ . .
EXP (11.8 :7-Vw) ..... for eddy viscosity

u
TR /2 + 1/2
-5 B 01 - FACTI + FACTY/C.L . for eddy viscosity

e "w v
W



FCO

o
1

-
1]

HB

ITER
ITERT

il

JSTOP

K
KT

LAMNER=

Me

MRAT

MXL =

NSUB =
NU =
NU2 =
N3 =
NUL =
NULT1 =
NUS =

NUT =
NUX =
NUX1 =
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List of Symbols

Boundary layer equation coefficient

Cp/CV

Shape‘factor = §*/0

Transformed shape factor (DELTT/THETT)

Number of iterations between two x - locations (= 1- laminar)
Number of iterations between two x - locations (= 3 - turbulent)
Writing parameter

Growth factor between two steps across B. L. (laminar)

Growth factor between two steps across B. L. (turbulent)

See p. 22

Freestream Mach number

%}- - Mach Number ratio
e

2 - mixing length

Number of steps across B. L. corresponding to y+ =11.8
Total number of stations across B. L. (laminar)

NU-2, number of unknown steps across B. L.

NU-1

Number of laminar forward steps

NUL+1

An index given for the first forward step in Taminar or
turbulent calculations

Total number of stations across B. L. (turbulent)

Total number of forward steps

NUX+1



List of Symbols

PE = Free stream pressure 1b/ft2 (Newtons/cmz)
PEM = Free stream pressure Newtons/cm2
PERAT = Pe/Pt
s _ 1/N
POWER = Initial N for u/U, = (y/8)

2
+ (Ve/Ue) (dUe/dx)

PPLUS = p =
[Cf/2]3/2
PR = PRANDTL Number
PRAT = Pt2/Pt2 - total pressure ratio

e

i}

PT2 = Total pressure (after the shock)

Ay = Rate of heat transfer from the surface per unit area
QE = Free stream dynamic pressure 1bf/ft2 (Newtons/cmz)
QEM = Dynamic pressure Newtons/cm2
TR - Te
RE = =——— - recovery factor
T - Te
peUeX

REX = Reynolds Number =

RMU =T%)—

e

r
peUee
RTHET = Momentum Reynolds Number = m
e
S = 2 ST/CF
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Lisf of Symbols

SKIP Index = 0 - laminar, = 1 - turbulent flow

TAW = Adiabatic wall temperature °R (°K)

TAWM = Adiabatic wall temperature %k
1/2
\
TC = (2€) zgosa - transverse curvature term
U r
e b

TCFACT= Transverse curvature factor ( = 0 - 2 - D, = +1 for external
axisymmetric, -1 for internal axisymmetric

TE = Free stream temperature °rR (°k)

TEM = Temperature

TEME = Free stream temperature

TEMP = Temperature used in TAB2
TEQ = Free stream temperature %k
TERAT = T /T,
THEBM = Transformed momentum thickness in centimeters
THET = {m (1 r) - %-] %—-%—- dy - momentum thickness in inches (cm),
e "e e
(+) for outside body case and (-) for inside body case
THETM = Momentum thickness in centimeters
THETT = {w (1 = %) [1 - %—- %—-dy - transformed momentum thickness in
e e
inches (cm), (+) for outside body case and (-) for inside body case
TRAT = T/Te - temperature ratio

TTE = Total free stream temperature °R (°K)



List of Symbols

TTEM

Total free stream temperature °K
TW = Wall temperature “R (°K)

TWM = Wall temperature ok

| = - 3
TWRAT TW/TAW wall temperature ratio
UE = U, - free stream velocity fps (mps)
UM = Ue - free stream velocity in meters/sec
UFVE = f' = %—-— dimensionless velocity
e

VP-N = %%%%-— velocity profile exponent for u/U, = (y/a)]/N
VPE1 = Tog (yn+]/yn)

- \
VPE2 Tog (un+1/un,

+ vV . .

VPLUS = V' = TR for eddy viscosity
VSTAR = u* = (1/0)"/?

VSTAR2= u*> = (t/p)
VVE = Dimensionless velocity across the B. L.

VWALP

Vertical velocity at the wall in physical plane in ft/sec

VWAL = Vertical velocity at the wall in transformed plane
WDUDY = Bu/aylw

XD = x - forward distance in physical plane in feet (m)
XDM = x - forward distance in physical plane in meters
XE = £ - forward distance in transformed plane



XED

XEN

YB

YDD
YRAT

H

List of Symbols

XEN

XE (N + 1) + XE (N)
2

y - vertical distance across B. L. 1in physical plane

y - corresponding to y+ = 11.8..... for eddy viscosity
y/s - dimensionless distance across B. L.

y/8y - dimensionless distance across B. L.
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A11 tables and subroutine are for air

TAB

TAB1
TAB2
TAB3

tl

"

To compute the temperature from enthalpy
Subroutine to calculate PRAT (pressure ratio)
To compute the viscosity from temperature (Keyes' formula)

To compute the turbulent Prandtl Number
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FILE
FILE

c

nnononnnononnnononoononnnonnnn'nnoononnoonnnon

B 6 70

0 F O

STOWYER,UNIT = READER
6=DAYER/F210F0NTLUNTT = PRINTER
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** v1Sens
*

H.A.Dw?rR-UNIVERSITY UF CALIF.sDAVISsMARCH 1971 LR R A
*x PROGRAM FUOP CALCULATINGT THE LAMINAR AMD TURBULENT BOUNDARY LAYERS
wewrehen Tl METHAD IS A RASIC FINITE DUIFFERENCE SCHEME=IMPLICIT wxs

ITY AND

1S RASICALLY A NUMERICAL EXPERIMENT WITH EDDY Al

T”RHUL&NT PRANOTL NUMBER 122X 22222 X2 R AR RS R 02

T R R A R Xy s E R R X SRR SRR R R RSN RSN AL AR R XSS

mewem=sw  ALL OTMENSINNS AKE IN SLUGsFOOT»SECONDsDEGREE RANKINE  ===-

L ZZ2 22 AR R R E

YEVFE s VVE

U

SOUC fF THE KFY SYMHOLS USED IN THIS PRNGRAM  swssasns
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DXE
MiJe
MUX
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N2 s NN
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ACH, BCNLCCN,NCHFCOSECG « CNRFFICIENIS OF THE MOMENTUM aMD

ENERGY FINITE DIFFERENCE FQUATION

VRAT, TRATsPRAT,PRAT +eees DIAFNSIONLESS VERTICAL DISTANCE,

CNS

Wtk ko kokok ok

TAR

TaR1
TaR?
TAKS3

TEMPERATURE»PRESSURE AND MACH NO,

sCNST1 sesevevsveasnsese FULL IMPLICIT AND CRANK=NTICLSNN

Yk kdddh

s et 0 s
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INTEGFR Sil»SKIP
“REAL KsKT,MXLoMRAT

¢
R Y R R S R R R R LT DIMENSIONS Whkkhhhhhhhbhadhhhbbrhkd Akkha
c
DIMENSTON HFVE(S0252)s VVE(S01e2)sUF(100)sPE(I100)»ENTE(100)
1 PENT(R01,2) o ENTT(501,2)0ENTTW(L100Ys TEM(S01,2)+ENTR(501,2)
2 P ACOCSN1,2YsBCOC50102)5CC0C501+2),0C0(501,2)2ECND(501,2)
3 . 2 FCO(501,2),
4 AL(S501),AL1(501),8L2(501), AMYRC100),EPS(501)0ALP(SO1),
5 XEC100) s XENCLINO0) s XDC100)»Y(501)sDN(S501),ARJ(100)»
6 PRATCSO1).VPE(S01),
7 PT2(S501)»AMM(SO1)»CFI1C100)»USTNP(SOL)eVAHAL(I0ON)
8 » VWAL P(I00)
-9 s AMACHC100),PERAT(100), TERAT(100)
¢ .
c b A A A L A A X L A LA XL EEAREELEE LY LREEEELAZEY YRR EETY P YRR Y X LN 2% X F ¥ ¥ X N % X 3 LA X )
c
NDATA CHANG
1 ALCL) s ARSASTARIHIGIPOWER/ 142 1716,026.22.504F 4,7,/ CHANG
2 pCOLLENTO/Y .2 471,32/ CHANG
3 »PROTCOFLCT/ ,7235=1,0/ CHANG
4 s MUL s NUY S LAMNER /1021027 CHANG
5 sMUT» ITFRTSDONIT,KT/35035,4C09+1,021/ CHANG
6 s CFT o DELTIToDELT o YPLUSS/600212.,001785,000222550,0/ CHANG
DATA CHANG
! (XDENISNT29022)/7000 425004999 073991,009+1424951,489901,999,2,989, CHANG
2 Ber25e9he2507 50102012050 15.83019,167926049029,82+33,636534,/ CHANG
c
c A A A Al Al A L L LE LA A LA L E AL AL LA AL ALY Y Y PYREELELEEERY Y EY X E YRR FRRE IRy ¥ S .
C .
C  #wasnav READ THE ROUNNDARY CONDITINNS AND REFERENCE CONSTANTS #hwwas
Cr2 = 10,0
NUX1 = NUX + 1
NULL = NUL+?
READ(5,931)(ARJ(NIsAMACH(N) s PERAT(N),TERAT(IN)sN = 2,22) CHANG
931 FORMAT(FLIS.Be19XsF54392XsFB,722XsF6b,5) CHANG
DO 1000 N=2eNUXY
XDIN)Y = X(N)Y+,273 CHANG
C S ge 0 e e FREF STREAM RUUNDARY CONDITIUNS
PE(N) = PERAT(N)*R3I3C2, CHANC
UECNY = 49,1 *AMACH(NI*SART(IB879,*TERAT(N)) CHANC
ENTE(NY = ENTO = [IF(N)**2/(2,*BIG)
c R EEE] WALL ROUNDARY CNRDITIONS
ENTTH(N) = 133,38 CHANG
WALT=TAUCENTTWCN)Y)
VRALPIN) = 0,0 CHANG
C i;ooo--o RFFFRENP‘E C”NSTANTS

AMURIN)ISPECN)/(ARYWALTYATABZ2(WALT)
1000 CHONTINUE

C seveesesr X=NDISTANCES Ik THE TRANSFORMED PLANE
XE(1)Y = 0,0
DN 1250 N = 2,NyX1

XECN)SXE(NST )+ XDINI=XN(N=1)) /2, % (CAMUR(N~1)I*UECN=1)*AR.J(N
1= 1) x %2 )+ (AMUR(M)®IIF(N)*ARJ(N)*#2))

XENEN) = XE(NI=(XDEN)I*XDIN=L)I* {3, #AMUR(NI*ARJ(N)**2*UF(N) +

1 AMUR(N=1)+ARJ(N=1 ) **z+UUF (N=1))/8,

VWAL(N)Y = SQRT(2,+XE(NII*PE(N)Y/(AR®TARCENTTA(NII*AMUR(N)I*ARJ(N)) +
1 VWALPIN)Y/DECN)

Z



1250 CONTINUE
c
C vk kkwhwar  THE MAIN DO LOOP OF THE PRUGRAM wekddadaed
c

DG 8000 MAIN = LAMNER,?
SKIP = MAIN = 1

C SKIP sreono e = O - LAMINAR y =1 = TURBULENT
IF ( SKIP. NE.D ) 61D Tn 1
o 222222480 LAMINAR FLOW 1222222222
¢
XDC1)y = 0,0
NS =
NUT = NUL
CNS = 1,0
CNS1 = 1,0
NIy = 61
ITER = 1
DNT = L1
K = 1,0

WRITE(6s150)
NRITF(6,550)
C sesees CALCULATING OF INITIAL LAMINAR PROFILES
DHNCLY = DNt
VVECTedly = vuad (1)
C eeeeee READING THE UFYE=VELQCITY PROFTLE

c seseae THIS IS THF INIVIAL LAMINAR VELOCITY PRNFILE FOR FLAY PLATE

READ(S»100)(UFVE(N,1)YeN = 1,61,2)
100 FNRMAT (9X,FR,A)
DU 1500 N = 1,35 }
UFVE(2#Ns1) = (UFVE(2+«M=1,1) + UFVF(P#N+1,1))/2,
1500 CONTINUE
DG 1750 N = 2,.NU
DN(NY = K«DN(N = 1)
c tecscsanse TEMPERATURE PROFTLE
ENTT(Ma1) = UFVE(N,1Y#«COt
ENT(Ns 1) = ENTT(N,II*CENTO=ENTTACLI))SENTTHCL)=CUFVECNS1)*UF (1))
1**?/(20*RIG)
TEM(N»1) = TAB(ENT(NS1))
ENTRONS1) = ENT(NL1I/ENTE(L)
¢ TR VVE=VFLOCTTY PROFTLE
VVF(Ns1) = VVE(N=121 )"NN(N™1)I*(UFVF(Ns1)+UFVE(N=151))/2.
1750 CONTINIE “
C reevsvnree A.le THICKNESS FOR FLAT PLATE

THET = 1,
TEME = TAR(CENTE(1))
ISTUP = 61

UFVE(NI+1,1) = 1,0
CFIC1) = UE(2)**1 ,S*UFVE(1s1)/DN1*,5/SQRT(XD(2I*TAB2C(TEM(L10s1) )
1PEC2)V/CARSTEM(1,1)))

GO 1N 2
c
C LZZ R RS XX TURRULENT FLOW kb kb hhhh
¢
C seveeese THRRULEMT FIOOW CUNSTANTS

1 NUS = ML+

NIl = NyXx

CNS = 0,0

CNS1 = 2.0

Niy = NUT

ITER = [YFRT

bl

CHANG
rEEK

CHANG

CHANG

CHANG

CHANG



DNT = Pt

K = KT
WRITE(62200)
WRTTE(6,550)

C Sesae CALCULATINN OF INYTIAL TURHULENTY B,L, THICKNESS
c AND PROPERTIES AFTER TRANSJITION
TEM(1,1)=TABCENTTWENLLY )
CF = CFT
NDELTT = DELYIT
DELT = NDELTT
TEME = TABCENTE(NULLY))
VSTARZ2=CF-UE(NDL 1)V« #2«TEM(1s1)/(2,*TEMFE)
VSTAR=SQRT(VSTAR2) ,
DELIME1,Z(DELTI*VSTARZ*PE(NULI)/(TAR2(TEM(121))*AR*TEM(1»]
1)XUECNULIII)** (POWFR/(POWNER=1,))

teesee CALCULAYINN 0F INTTIAL TURBULFNT PROFILES CHANG
vess THE INTTIAL VELOCITY PROFILE IS THAT nF LAMINAR SURBLAYER vee o :
2 00 0 0500 Dt o9t s ANn l /PL]NER TURBULENT anN a0 0P P00 Ot ge b ”» 900
DNC1)Y=DN1
DNNz0,
Y(1)=0,
UFVE(1s1)=0.
UFVE(MIj+1,1) = 1,0
VVE(Ye1) = VWALCNUL L)
ENTR(1,1) = FNT(I,I)/FNTF(NULI)
c Pe0ees s UFV[.'\/tU](‘ITY PROFILE
NN 2000 N = 2:MNU
DN = - DNN + DNON = 1)
Y(M) = DNON=1)#(SQRT(2 ,*XEC(NULLI))Y*ARYTEM(N=],1)/(UE(NULL)*
1 ARJINULTL)Y*PF(NULL)) ) + YIN=1)
DHENY = Ka«ON(N = 1)
YN = Y(N)Y/DELTI
TF (YDDLLELDELINY UFYE(Ns1)=VSTARZ2+Y(N)*PE(NUL1)/CAR*TEM(!
1o1)*TAR2(TEM(1,1)))/UECNULY)
IF CYDDGTLDFLTNY UFVE(NS1)=(YDD)I**(1,/POWER)
IF ( UFVE(Ms1) LGEL1.0 ) UFVE(Ns1) = 1,0
C sevsevsees TFMPERATIIRE PRUFILE
ENTT(Ns1) = FVYE(Ns1)Y**L01 CHANG
ENT(No L )=FENTT(N, 1Y« (ENTO=ENTTWINULI) )Y ENTTWINULL)Y=CUFVFE (N1 :
PIYHECNULIIY**2/( D2, *B1G)
TEM(N»1) = TABCENT(N,1))
FNTR(Ns1) = ENT(N,1I/ENTE(NULLD)
c tevserssns VVE=VELOCTITY PROFILE )
VVE(Ns1) = VVELA =1, 1)=N(N=1)*(UFVF(N,1)Y+UFVE(N=1,13)/2.
2000 CAONTINUE
NO 22959 N = 125, .
TFCUFVE(N=]131) LTs 1s oAHNDe UFVE(N + 191) +EQe 1.0)ISTOP = N + ]
2250 CONTINUE
c
C Ahhhbdbhhkbrbahhdhd PRINT UUT THE INITIAL CONDITIONS khkhhhddhdbarhhrd *hak
c

OO

2 N 2500 N = teMy
AMMON) = UFCNULIDY*YFVE(NS1)/SORT(1 (4% ARXxTEMINS 1))
IFCI(NY JLEe 0,0 LOR, Y(N+1) LE, 0.0 Y GO TO 2500
VPEL = ALAGLOCY(MN+1)Y/Y(N))
VPEZ2 = ALOGIOCUFVFEC*®1,1)/UFVE(Ns1)Y)
IF(C VPE2 LFl, NG Y 4O TN 2500
YPE(N) = VBELl/VPE?

67



2500 CONTINUE
CALL TARBI(NU»AMM,PRAT)
JSTUPC1Y = 0
DO 27950 JK = 195
JSTOPCJIK + 1) = JSTOPCUK)Y + 20+JK
L2 = JSTHP(.IK)
TF(JK LEQ, 1) L2 = 1
JQa = JSTOP(JK + 1)
Ntk 2750 b = L7,00,JK
IFCJL FQ. JSTNPCJIK)I) GO TN 2750
IFC Ji .67, ISTEP)Y GO TO 3

YRAT = y(JL)/THET
TRAT = TEMCJLo1)/TEMIN,1)
MRAT = UFVE(JL+1Y/SHIRTC(TRAT)

WRITE (AL 600 )y JLLUFVE{JLs 1) o MRAT, TRAT,TTRAT,TEaHRs PRAT(JL)»YRAT,

2VPECJLY » ALY CJLD
2750 CANTINUE

C
3 NiJ3 = Nty =
NU2=NU=2
c R Nt} = TNTAL NN, 0OF STERPS ACRNSS THE HB.L.
C aeesee N2 = NO, OF UNKNOWN STEPS ACRIISS THE Bl
c .
R Y 2222222222223 THF HEART 0F THE PROGRAM kR Ak bk h bk bk
C .
c
c ke kWi kondok ko STARTY OF ONF FORWNARD STEP CALCULATIONS AR AR LR XA
c
DN 7750 L=NyS» Nyt
c
C sevenves FREF STREAM PRESSURE GRADIENT FACTOR=BETX
DX = XDCL+1) = )LL)
DXE=XECL+1Y=XE( L) _
BETX = 2, &#XENCL+1)=(UECL+1)=UECL)Y/Z(NXEXCCUECL+1)+UFE (L)) /2,))
XED = XEN(L+1)
ALPHA SARSINC(ARJOL +1)=ARJCL)I/ZDX)
TC1 = (SART(2,«XEMI*COSCALPHA)Y/UECL+1))*TCFACT
IFC SKIP F3. 0 ) GO TN 22
PPLUS=TARR(TEMF)IAR*TEME/PECL+ 1) *(UECL+1)=UECLII/ZCCANDCL+1)=XDCL))
1. «(CLUECLA1IYHYUFCL)I/2. ) %224 (CF/2,)%%1,5)
22 CONTINUE
o
¢ Cecsessse LOADING THE BOUNDARY CONDITTNANS
c
ECN(1,1)=0,
ECO(1,2)=0,
FCN(1+1)=0.
FCOCLePYSENTTWILHIY/ENTE(L+Y)
UFVE(1+1)=0,
VVE(1s2) = VWALCL+1)
UFVE(NU»2)=1,0
ENTR(NU»2) = 1,9
c
C eevseres (1) CALCULATION OF THE TRANSPNORT PROPERTIES ssevvscertacts ovoe
o .
AL1C1)Y=ALC1) /PR
IF(SKIP NE. 0)Y GO TO 4
¢
C sessesscess LAMIMNAR FLOW
c

A



ALPC1Y = AL(1)*AR*TEM(1t>»
AL?2(1) = ALL(1)*AR*TEM(L,
DO 3000 N = 1aNU?
EPS(N+1)=0,0
RMUSTEM( 1o 1)*TAR2CTEM(N+1,1))/(TEMIN+L, 1).TA92(TEM(1 1))
ALCN+1) = RMY
ALPUN+1) = AL (N+1)*AR*TEM{N+1,1)/PE(L+1)
ALI(N+1)Yy=Rul/pPR
AL2(N*I)SALLIN+LI*ARYTEM(N*T121)Y/PECL*1)

3000 CONTINHE

1)/PE(L+T)
1Y/PECL+1)

c .
c WAL AR AL LS A STARY UF THE ITTERATINN LOOP FUR TURRULENT FLOW
4 P9 6000 JJ = 3HITFR
IF (SKIP ,EQ. 0) G0 T 9
c
c ®qgo 00 teans T“RRU[ENT FLHN
M o= 1
c

TRty oiiTe 1) m=?
ALP(1) = ALCI)+AR*TEN(LsMY/FE(CL*])
AL2(1YY = ALJ(IY*ARSTEMCI.MI/PECL+1)
c tasenvac FODY VISCHSTTY CALCULATION
EPSU= 0163+« UF (L +1Y+NDELT
eessssns CNRRECTION FACTOR FOR SUBLAYER AND TRANSITION
ADUDT = (SKe (2, +K)2UFVFCLaMIF (KA (2, +K)+ 1 )*UFVE(2,M)=UFVE(3,M))
1 (LS 1) Z (K2 (] +K)*Y(2))
ACALL =AR*TEM{1sMIYTARP(TEM(L»M)I/ZCPECL*+LI*5NUNY)
ACAL=ASTARSORT(ACALL)
YRS11 ,8%S50RTCACALL)
DI} 3250 N=2,10n0
IF (YR, LT.Y(NY ANDLYR.GT.Y(N=1)Y) GN TO 5
3250 CONTINIE
S N3IB=N"1
ACAL=ACAL*TARZ2(TEM(NSURIM)Y)/TAR2CTEN(1oM)I*SURTCTEM(NSUBIM)/
1 TEM(’.H))
TFCVAALPCL*1) o FG.0.0) 60 TN 6
VPLUS sVYWALP(L+1)/SARTCARSTEM(I»M)*+TAR2(TEMC(1,M))*WDUDY/PECL+1))
FACT = FXP{)1,RaVPLUS*TAR2(TEM(1sM)Y)/TARZ(TEMINSURS1)))
FACTNR = SORT(TAR2(TEM(NSUBsM)Y/TARZ2( TEME ) *SQRT(TEM(1+MY/TEME)

<

1 *PPLUS/VPL IS+ ,=»FACT) + FACT)

G-t 7
6 FACTOR =(1 =11, 6*TABZCIEMCI2M))/TARZ(TEMEI*(TEM(L1sM)/TEME) *+ .5
1 *RPLHS Yk w  D

7 ACAL = ACAL/FACTNR
DO 3500 N = 1,Ny?
¢ setecne [NNFR REGION
MXL=Y(N$1Y* a8+ (1 ,=EXP(=Y(N+1)/ACAL )
FPSK = UXL**2*xARSCHFYECN+2,0) = F VECN,MIY*UECL+1)/(Y(N+2)Y=Y(N))
FEPS(N#1)ZEPSK*PE(L+1 )/ (AR*®*TEM(N+1,M))
IF (EPSZX 4T, EPSOY 6N Tiy A
3500 CONTINUDE
c tecsenne NITER REGTON
A1 = N={
DN 3A00 N = [WN2
EPS(N+1) = EPSN«PF(I_+1)/(AR*TEM(N+1,M))
3600 CONTINUF
DD 3700 N = 1.MNy?
RMUZTEM(I M)+ TARBZ2(TEMIN+®Ls4))/(TEMIN+T1sM)*TAG2C(TEM(LI,M)))
ALCN+1) = AMUSPE(L+II*YFPS(N+1)/(ARYTEM(N+1 2 M)XAMURCIL+1))
ALPON+1Y = AL (A+1)*AR®TEMAIN*L o M)/PECL#+1)

04



c

c
c

c

¢
¢
¢
c

ALT(N+#1)=RMU  /PR+PE(L+1)I*EPS(N+1)/(AR *TEM(N+1sM)*AMUR(L+1)

14TAB3(YD))
AL2(N+1)SALT(N®IY*ARNYTEM(N+1,M)/PECL+Y)

3700 CONTINUYFE

9 ALINU) = ALINU~1)

ALP(NI) = ALP(MU=1)
ALT(NUY = AL t(Ny = 1)
AL2CNIY = AL2(ME = 1)

tosescse (2) CALCULATION UF THE RBeLe EQUATIONS CNEFFICIENT  wevvosns

DO 4000 N = 1,MU2

TC = TO1/CARJCLFII+TCFACTRY(N+])*CNSCALPHA) ) *# a2

ACO(NS 1)S(VVE(N+L1,1) /(2 #«DN(NI*( 1, #KI)=(AL(N+2)=ALINII/Z(2,%#(DN{N)+
TC1a#K)I**2)= AL IN+1)/(ONCNY**24 (1, +KIRK)ITC*ALP(N+1)/(2,*DN(N)*
2(1,+K)IY)*CNSH

BCO(Ns 1 =(ALIN+L)* (1, +KI/ZCDONCN)I**#2% (1 +KI*K))XCNSL1+3FTX*UFVE(N+1»1
1) + 2, «XED*UFVF(N+1e1)/DXF
CCNEN»1)=(=VVE(N+1 o 1)/ (2, #DN(NI* (1, +K)I+CAL(N®2)=ALIN))I/Z (2., #(DNCN)
T (1a¢KII**2) @A (N4ID*K/(DN(NI* 24 (1 o +K)I*KI+TCHALP(N41)/ (24 %DN(N)*
201 .+K)))*CNSY

DCO(N» 1I=BETXCTEMIN* 1o 1)/ TFM(NU» 1) 42 *XEN*UFVE(N+®1 1) %42 /DXE+CNS*(
T=VVE(N+L, 1Y% CUFVE(N+2,1)=UFVE(N» 1))/ (2, «DNCHI*(1,4K)) + (AL(N+2)=
2ALINII*CUFVE(N*2, 1) %FYEC(Ns 1))/ (2, 4 (DONIN)# (1, +X))%%2) + AL(N+]1)I#*(
JUFVECN®25 1= (1 4+ KI*UFVE (N4 T3 1) +KoUFVEINo 1))/ (ONINI* #2401, +K)*K)+
4TC*AILPIN+LY*(UFVE(N+251)=UFVE(NS 1))/ (2. +DN(N)Y*() ,4K)))

ACN(ING2)=(VVEIN+1 1) /(24 #DNIN)# (1, +KI)~CALT(N®2)=ALTCNY )Y /(2. #( NN
1)* 0o +K) IR e2)= ALY (N+1)/(DN(N)wx2a( 1, 4K #K)=TCHAL2(N+1)/(2,#DN(N)*
201 4+K)))*CNSI

BCOINSR2)Y = 2, *#XED*UFVECN+1»1)/DXF4CALI(N®1)* (1, +K)/(DN(N)I %D *
1(1+X)eK))+CNSH

CCN(Ne2)=(VVEIN+1s1)/(2*DNINI*(1,+K)I+(ALI(N+2)=ALI(N)Y)Y/

1200 (DNCHY# 0L, ¢KII2%2)m AL TCN+ 1)« K/ (DNIN)*#22( ] ,+K)#K)+TCRAL2(N+1)
2/7(2,«DN(NY*(1,+K)))I*CNST
DCO(MNe2)=24*XEN*YFVE(N+1 s 1) *ENTR(N+1s1)/DXEFCUFCL+II**2/ENTE(L+1)
FUECL)I* 2 /ENTECLIY /(2. #BIG)I« CALIN+ L) (CFVE(N+2,] )=
UFVE(N, 1))/ (DNUIN)*(1.+4K)))*w2 =  HETX*TEM(N+L21)/TEM(NUS1
YVUFVE(N+T o 1 )+RETXAUFVE(N+L 1) *ENTRON*151))+("VVE(N+1e1)#
(ENTRIN®Ze1)=ENTRONS 1)) /(2 , «DNIN)* (1, +K)I+(ALLI(N®2)=ALLIN))
CCENTRIN®Z201)ENTRING 1))/ (24 %DN{AIR( 1 o+K))*%2 +AL 1 (N+1)I*CENT
RIN#25 [ )=(1o+KI*ENTR(N+12 1 )+K*ENTR(N2 1))/ C(ON(N)*#2% (], 4K)
#K)+TCHALP N+ ) (ENTRON42,1V=ENTRINS 1)) /(2 ., 2DNCNY - (1, 4X)
)} *CNS

W NI E W

NN 3750 11 = 1.2

ECOHIN+T o [TY=2=a00(NyJT)/(RCO(NSTII+CCO(NSITIYECAIN,IT))
FCON+L o TIH=(DRUINS, T I)=CCOCNs ITI*FCUCNTII)I/Z(BCNINSII)+
1CCNINSTTI*FCOIN,TT))

3750 CONTTINUJE
4000 CONTINUE

c

veseaseses (3 SOLYTTON TO THE BOUNDARY LAYER EQUATIONS  eeeeveenses

RY INVERTING THE MATRIX

NG 4257 [ = 1eHil3

SN=ny=1

UFVE(ST, 2)=E 00050, 1) ¥UFVE(SO+1,2)+FCD(SNsY)
ENTRESN,2)=tCO(SNs2I*ENTR(SN+1,214FCN(S50s2)

70



ENT(S0,2)=bNTRISN,2)+ENTE(L+])
TEM(SN,2)=TAR(FNT(50,2))
4250 CONTINUFE
TEM(NU¢2) = TEM(NU3»2)
TEME=TFEM(NI2)
¢
c Sev000an THE NEW JALUES NF Y
DO 5000 N = 2.NY
Y(NYSNDN(N=1)/2, #(SART(2,#XFCL+1))* AR TEM(N=1,2)/(UECL+1I*ARJI(L+1)
T*PF(L+1))I*SQRTI2.*#XE(L+1))IYAR*TEM(NS 2)/(UE(L+1)¥ARJ(L*1
1)«PECL+1)))
leY(N=1)
5000 CONTINJE
C sesses THE WNFEW INCOMPRESSIALE DISPILLACEMENT THICKNESS
DEL.[:OO
DO 5500 N = 2,MU3
DELT=CYINY=Y(N=1))/2,%((1,"UFVE(N=1,2))+(1,"UFVE(N»2)))+DELT
S500 CONTINUE
6000 CONTINUE
AL AR SRR E FNOT OF THE TTTERATINN LNOP FOR TURBULENT FLOW

c
C
o tecessan C4) CALCYLATINN JUF THE v=VELOCITy FROM THE CONTINUITY EaN, ve
c
NN 6280 N = 14142
VVECN®1,2)3VVF(N2)=VVE(N4) o 1)+ VVE(N,1)=2 , *ON(N)*XEU#(UFVE(N+1,2)
1=UFVE(NM+1 1)+ UFVE(N»2)=UFVE(NS1))/NXE" DN(N)*(UFVE(N+1-?)*UFVE(M-Z)
1+UFVE(N+1L 1Y+ UUFVE(NS1))/2,
6250 CONTINYE
[ ZEXE R A REEEREEEEEE SR R K& B 4 THE HEART [§ F‘IN[SHED [ ZEXEZZEEXZAREEE R R B BER R & N

waewkesendrets  CALCULATION OF SOME B,L, CHARACTERISTICS  wexwawswsns woax

toeveace 1. THE NEW VALUES 0OF Y
CALTULATED IN THF 5000 N0 LODP

ODOOODOHOOHOD

TEEEE 2. THF EDGE 0OF THF RBOUNDARY LAYER
IF (SKI1P ,£3, 0) [=30
IF (3KIP JNE, 2) 1=150
DO 6500 N = Tehiy
KSTOP = N ¢+ 2
IF ( UFVFE(Ns2) GT, 49953 ) &0 T 1o
6500 COMTINIE
10 DELTYL = Y(N)

c

C eaeene 3. DISPLACEMENT AND MOMENTUM THICKHNESS
DELT=0,
THET =0,
NELBAR 0.0

THESAR = 0.0
N0 A7SO N=2,NU3
ACORN =2(14+TCFRACT*Y(N)/ZARJ(L*1)I*#(Y(NI=Y(N=1))

DELT = ACORR 72,5001 =TEMINU3IW2)#UIFVE(N=1,2)/TEM(N=1,2))
1401, =TEM(NI3 o 2)wYFVEINS2)/TEM(NL2))I+DELT
THET = ACORR /2 % (C L, =UFVE(N=1s2))+UFVE(N"1,2)*TEM(NU3»2)/

LTEA(N=1,2) 401 =P VF{Ns2 )Y . UFVELIN,2Y*TEM(NIYIS2)/TEMINS2I)+THET

IFC N 3T, K3T7TAPY G} T A7H0

NDELRBAR = S50 (1 ,=UFVE(N»2))+(1.=UFVE(N=15,2)))* ACNRR +DELRAR
THEBARS 54 { (1 s =UFVF(Ns?2))*UFVE(N»)2) ¢ (1 o~UFVE(N=1+s2))*UFVE(N=1+2))*

1 ACORR + THERAR



O

6750 CONTINUE !
SHFA = DELT/THET
TRSHFA = DFLBAR/THEBAR

sevess 4¢ REYNALDS NUMBERS

REX=PF(L+1)/(AR*TEM(NU,2))I*UE(L+1)#XD(L+1)/TAB2(TEM(NU»2))

RYHET = JECL+1)I*PE(L+1)/(ARYTEM(NUS2))*THET/TAR2(TENE)
easees S. SKIN FRICTIUN COEFFICIENT

CF = 2.+TARZ(TFM(102))INARJ(L41II*# 1 TEMINUR2»2)*(=K# (2, +K)*UFVE(1+2)

1 (Ko (2,+4K) 41 I*UFVE(292)=UFVECIe2))1/(K¥ (1. 4KI*DNC1)Iwl /(2"

2 XECL+1))** S*TEM(1.2))

TFC ARJCL)Y JNE. 1.0 ) GO TN 11

CFi(L+ty) = CF

CF2 = CF2 + (CFLI(L+1) + CFI(L)I*(XDCL+1) = XD(L)I)I/2,

CFAV = CF2/XD(CL*1)

Savees 6. HEAT TRANSFER COEFF. » STANTON NO,
11 RE = SHRT(PR)
IFC SxIm (N, 9 ) RE = PRwe(1,/3,)
TRE(TARCENTON=TEA(NSI»2) ) *REPTEMINY3»2)
ST ==TAR2(TEM(1,2)V4TEMINUZs2)*ARJ(L+1 )+ (=K* (2, +K)*TEM(1,2)+(K#(2,
1 FKIH] I*TFHI2,2)=TEMC352))/(K* (1, +KIXDNC1))I*1,/(PR*TEM(1,2)*
2 (2 *XFCL+1) 1% S4(TEM(1,2)=TR))
S = 2.%57/8F

cesses To VELOCITY PROFILE EXPUONENT

DN 7100 N = 2% :
IFC vy(NY ,LE, 0,0 ,0R, Y(N+1) ,LE, 0,0 ) 60 TO 7100
VPEL = ALOGGIOCY(N+1)/Y(M))
VPE2 = aLNGI0(HFVE(H+1,2)Y/UFVE(NS2)Y)
IFC VPE?2 F4y. N0 ) 6N 10 7100
VPE(N) = VREL/VPE2

7100 CONTINUFE

tesees By PRESSURE RATIO

sesvecs 9, TEMPERATUHRFE AND MACH NOD. RATIN
ENT(NU»?2Y = FNT(MUR,2)
nn 4500 N 1, NIl
ENTT(Ns2) ENTINS?) # CUFVE(N2)*JECL+1))**2/(2,%R1G)
AMMO)SHE(L+I)#UFVEINS2)/SART{1 4% ARCTEM(NS2))
4500 CONTINUE
CALL TAHBI(HU»AMM,PRAT)
QF = PECL#1)*UFE(L+1)ww2/ (2, *AR*TAB(ENTINU»2)))
AMACH(L+1) = UF(L+1)/(49,1*SQRT(TARCENT(NUs2))))
DELT = NELT*12,
THET = THET#*12,
DELBAR = DFi.gaARw12,
THE3AR = THERAR%12,
DELTM DELTZ.3937
THETM THFET/43437
pELAM NDELRAR/,3937
THE M THEHAR/ 43937
X0 xN(L+1)/3,.281

LR

]

Wwunnn

(L)

YEW = UFE(L+1)/3.281
TE = TAR(ENT(NII,2))
TFEQ = TE*5,/9,

TTFE = TAR(CENTO)
TTFM TTE*5./9.

TW = TARCENTTW(L+1))

I



c

c
c

c
¢

oo

¢
¢

THM = TW*35,/9,

TAW = TARB(ENT(MNU.2))*(1, + RE*AMACH(L+1)*%2#%,4/2,)
TAWM = TAW®S /%,

PEM = PE(L+1)/708,.9

QEM = NF/203.9

R = TARCENTDI*RETX/TEM(NU2)

TWRAT = TW/TAW

R EEEERERENE NN NI N SRR BAC R A I NN N DUTPUT 0080 0000 RO NP0 OEOESIOPOONNPPOSQEOTYYS

WRITE(6,250G)L
WRTITE(A.300)AMACHCL+*1 ), UECL+1), UEMePE(L+1)»PEMSQE,QEMsTE,TEQ»TTE

1 TTEMsTuWsTWMeTAW, TAWM

WRITF (6,350 DELTsDELTM, THET» THETM, SHF A+ RoNELBAR)DELRMs THEBAR» THERM

1, TRSHFA, TWRAT,RTHETSREX s CFaCFVASST S, XD(L+1)»XOM

WRITE(62550)

JSTOP(1Y = 0

00 7250 JK = 1,5

JSTUPCJIK + 1) = JSTUP(JK) + 20*.JK
LZ = JSTOPCJK) ’

IFCJK FQ, 1) LZ =1

Jo = JSTOP(JK + 1)

DY 7250 JL = LZ,00,uK

IFCJL JEB, JSTAP(JK))Y A1 TR 7250
IFC JL 6T, KSTUP ) 60 TN 12

YRAT = YOJL)/THET * 12
TRAT = (FEM(JL,2)/TFM(NI2)
MRAT = IIFVF(JLs2)/SARTC(TRAT)

TTRAT = TARCENTT(JL»2))/TARCENTO)

TR = (TABCFNTTCUL»2))=TARCENTTW(L+1)))/(TARCENTO)=TARCENTTW(L+1)))
HR = (ENTT(JLs?) = ENTTW(L*1))/(ENTO = ENTTA(L*1))

WRITE(6,600)JL s JFVE(JUL+2)sMRAT, TRAT,TTRATsTBsHB2PRATCJL)» YRAT,

2VPECJLY AL CJL)

JKZ = UL + JK
IFC Y(JIY LLT. YR JAND, Y(¢ JKZ ) .GT, YHB ) WRITE(6»650)

7250 CONTINUE

eeecees INTERCHANGE TINDICFS 1 AND 2 Tn START NEW FORWARD CALCULATINNS
12 N0 7500 N = 1eNyY

HFVE(N, 1)=HFVEIN,2)
VVE (N2 1I)=VVE(N2)
FNTTIN,1)I=FENTT(N,2)
TEM(N» 1)=TFH(N,2)
ENT(Ns1)=ENT(N,2)
ENTR(Ns»1) = FNTR(N»?)
HFVE(N, 2) =0,
VVE(N,2Y=0,
ENTR(N.?)=0,
TEM(Ns?2)=0,
ENT(N,2)Y=0,

7500 COMTINUE

DELT = DELT/12.
THET = ThHET/12,

hok ok dekk W Rk R END NF FORWARD STEP CALCULATINNS 22322233

7750 COMTINUF

Adhh kA h Ak ko END OF MAIN DO LDOP (AR AR EE RS
IF (WUX LEQ, NIIL)Y G Tn 9000

8000 CONTINGQE

5



[ X ¢

¢

© T REPRODUSIBLE

Wk kA kb h Ak h FORMAT 'S ZZ2 XXX

150 FORMAT(AXs 12H*wakndhhphrnbnbbhkunnbrhhoerrbnnrserse | AMINAR FLOW
1eoees INTITIAL PROFILES Adwdddddhbdrdnrrdbbdrthbrddtdbbbenten/)

200 FORMAT(///7/84A, 1 10Hwkakavauwahtnnhhadkhrnrbnncrhanrrs TURBULENT FLOW
! esaves INITIAL PRAOFILES Y 2322222222 22 RS S E R R RN R R D)

250 FARMAT(///1XsB0iskakarwkshhbdhehkhhhunhonhbhbbhdhbnrdhhanhesr [N
LAUANTITTIFS weeossoe STATION = 5 I2,U87H kdhdddiddbbhikhrhhhhhhdikir
VAREAREEARNEAEEEEELD

300 FORMAT(//1Xs4HME =2sE11,8s1RX»4HUE 2sFE11,801H(sE11.4s1H)» 6Xs4HPE =
1oE11 80 1HCELY e4e1HYs SXeUHOE =»E11,451HGsELL144»1H)//1X4HTE =
2 EV1als tHCoFE 1480t H)oS5XsSHTTE =sF1144s1H(PEL1L1 045 1H)»5Xe4HTW =»F11,
3 40 lH(sF 1 dp1HYIOXSHTAR =oE1],4,1H(sE1L,451H))

350 FNRMATCZIX»6HDTLT =oFE11eb4s1H(sE1148s1H)eSXsAHTHET =,E11,401H(sF11.
140 1H)YSXs3HH =eF11.4s5%»3HB =, E1168//1Xs THDELTT =rorllaldrolH(E
2114049 3H)sdXo 7HTHETT =oF11e8s HCsE1Ta8a1H)s8XrdHHT =2eE11,45s5X»8HTH/
3TAW =4611,4/7//1XsHHRTHET=sE1148s3Xs4HREXZSELL4403Xs3HCF20E11,453X0 4
BHCFA=sF11e403% 3HCHEZ s E11,403X02HS=0E116492%X02HX=sF 11485 1H(»F11,401
5H))

550 FORMATC/3Xe 1HNS7X e AHU/UE»sBX 2 UHM/ME s BXp UHT/TE» TXs6HTT/TTE#BX»2HTE»
110X»2HHR BX s 6HPT/PTIF,6Xe 6HY/THET s 7Xs dHVP=N»3Xs IHAL L)

600 FNRMAT(2x,13,3x.10¢11,4,1%X))

650 F‘r]QMAT(?x. 1 2?_H'"--“’---'-"----’----."‘."--.---"--'--'-.---'--.-.--

l-.‘.----.---------n-n-n--------.-.---.-----0n-u-----.-.-.---.-----

2.-»-)

9000 3TNP
FND

REFNTRANT FDRMAT
NONREENTRANT F

BRUBBRBBBLUB B GRANBBRGLRPARRIVBER BB RREARN SRR SARGRRNORER RO GRG0 A Y 1R

FUNCTINN TABCENT)

DIMENSTIAON X(&0)

NATA ¢ XCJdYe J = 160 ) /23,745,847 .67,71.61+,95,530119,48,143,47,
1875601916819 72156¢263280e98526549992291,300316e3893424900369417>»
395, 704,422.5994U8G 4718477 4099508,71+532,55¢560.599588,B82+617,.22>»
6457820744899 7036352732.230701,459790,6898204030849448,5,879,02»
F0B.652938.400368.21299R,1101028.0951058.1451088.26,11184,46,
1145.72’1]79.0411209.42'1?3998601?70.360‘300092’133105‘Dl352a17'
1392¢8721023,62,14854,4101488542601515.1421547207915784030160%404>
16406090 1A71,1701A99,18/

IFC ENT ,GTe XCAD)Y ) GO TN A3

N=?

60 IF (ENT LS.X(NY) Gl TN A1

N=id+1
G} TN A9
61 TAR=100,*(FLOAT(N=1I+(ENT=X(N=1))/(X(N)=X(N=1)))
GO T 54
63 TAR = 2n00,0
64 RETURN
END

NS WN -

CoN
CON

BALRB R QLB AR RYRRRUARA B UL B UAR B R AR EA AR RERBRRGRE DU NGRS ER OBt

M



SURROUTINE TABI(NsMspP)
REAL M
DIMENSTIAN M(S501)sP(5N1)sPT2(501)
G = 1,4
DO 1000 J = 1%
IFC MOy JLTe 1,0 ) GO Tu 1
IFC W¢JY ,FQ, 1.0 3y N TO 2
PT2UIZCC, S (G ) *N(DI**2) %% (G/(G=1,)))*((G+1,)/ (2, %GRM(J)**2=(G
1 '1-)))**(10/(6‘10))
GO Tn 1000
VPT2(UY = (10 4 ,SalG = 1,)+M(U)*%2)22(G/(G = 1,))
GO T 1000
2 PT?2¢(J4) = 1.,8929
1000 CONTINJE
DO 2000 J = .M
P(J) = PT2(Jd)/PT2(N)
2000 CaONTINUE
RETURN
END

#t#ﬁﬂ###‘ta!ztf!id##ﬂﬂ#ﬂﬁ###t#dYHId##&ﬁ###d####ﬁﬁﬁd######ﬂL‘######ﬁ###ﬁ###t###ﬂt.ald#&‘##

FUMCTION TARR({TEMP)

(
C  waswdr  TARD(TEMP) LA AN IS KEYFES FOGRMULA TO CALCULATE THE visensy) vy
C OF AIR FRNOM THE TEWPERATURE
c
TAR2 2 0,0232%] JE"O6*50RT(TEMP)Y/(1,4220¢/TEMP#*]104w#

1 (=9, /TEMPY)

RETIRN

ENY

#######ﬁ#ﬁﬂﬁﬂ##dJ&##ﬂﬁ###t##d##tﬂ#########dt*###############ﬂ#####ﬂ####t####t###

FUNCTTINN TaBC(YD)
TAK3 = n,9
KPR = 2
GO T0 (123¢,681),KPP
1234 IF (YD JLE, «0%) 6N 10 0

IF (YD 6T, 0985 TA%3=D,.
G 1 Ag

80 TAH3=,95 + YO/ ,05%1.1

81 RETUKN
FHin

!###ﬂ###i#tﬂﬁnﬁﬁ*#kﬁ#vﬂﬂﬂ###&#ﬁ#ﬂd##ﬁ###ﬁdﬂﬂﬂd######ﬂ###dﬂﬁ#####&ﬂ######ﬁﬁ#ﬂﬁﬂ#t

CNON

THE FOLLOWING ROUTINFS WFRE REQUESTED FRONM THE FORTRAN SYMROLIC LTIRRARY:

79



